Introduction
COPD management aims at reducing symptoms, exacerbations, and mortality by giving appropriate pharmacotherapy. [1] [2] [3] Treatment strategies contain long-acting muscarinic agonists (LAMAs) like tiotropium, inhaled corticosteroids (ICSs), long-acting beta agonists (LABAs), and combination drugs.
Several studies have described the risk of pneumonia associated with the use of ICSs. The TOwards a Revolution in COPD Health (TORCH) study was the first to show an increased risk of pneumonia for ICS users, and recently, the Understanding Potential Long-Term Impacts on Function with Tiotropium (UPLIFT) study also showed higher incidence rates of pneumonia for ICS users. [4] [5] [6] The magnitude of this risk, the effects of different preparations and doses, and the mechanism of this effect remain unclear. 7, 8 Although the risk-benefit ratio for ICSs is under debate, the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines still suggest considering the use of ICSs in patients with severe airflow limitation or in those who are at a high risk of exacerbations. 9, 10 The effectiveness of inhaled medications is strongly influenced by the patient's medication adherence, with a better adherence showing reduced risk of death and hospitalization due to COPD exacerbations for fluticasone/salmeterol and tiotropium. 2, 3, 11 In most of these studies, adherence was defined as poor (,75% or ,80%) or good. In the Cohort of Mortality and Inflammation in COPD (COMIC) cohort, we have, however, shown that there are also many patients who overuse (.125%) or strongly underuse (,50%) ICSs and despite the high percentage of optimal use with tiotropium, underuse and overuse are observed for this medication as well. 12 It is expected that these patients will have a different risk for a COPD exacerbation that needs hospitalization (acute exacerbation of chronic obstructive pulmonary disease [AECOPD]), community acquired pneumonia (CAP), and mortality compared to patients with optimal ($75-#125%) or suboptimal ($50-,75%) adherence. Therefore, in this manuscript, the association between therapy adherence (underuse, suboptimal use, optimal use, and overuse) with ICSs and tiotropium and time to first hospital admission for a severe AECOPD, CAP, and mortality is described.
Methods

settings and study population
This study is part of the COMIC study, a single-center prospective cohort study in Enschede, the Netherlands. Of the 1,503 patients who were screened for eligibility from December 2005 to April 2010, 795 COPD patients were included. All surviving patients completed the 3-year follow-up period. All patients provided written informed consent, including consent for collecting pharmacy records during the studied period. The study was approved by the Medical Ethics Committee Twente (P05-49) and was conducted according to the principles of the Declaration of Helsinki.
For inclusion and exclusion criteria, see previous publications.
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Baseline measurements
Demographic data were collected from medical records at baseline. Data on common comorbidities such as myocardial infarction, congestive heart failure, and diabetes mellitus were obtained from medical records. Lung function was measured by spirometry, performed according to standardized guidelines. 15 The modified Medical Research Council (mMRC) dyspnea grade was obtained at the stable state. 16 
Therapy adherence
Therapy adherence was recorded from patients' pharmacy records. If patients used more than one medication delivery system or switched between various brands of ICSs (including combination preparations) during follow-up, adherence data were combined for the calculation of the therapy adherence of ICSs. For adherence to tiotropium, prescriptions of HandiHaler and Respimat were used.
Theoretical duration of exposure was calculated using information on dispensing date, total supply, and dosage regimen. We computed the total number of days for which patients had collected medication during follow-up and divided this by the total number of days between the first and last medication collection during follow-up plus the day's supply of the last refill. We excluded patients for whom medication was prescribed only once or was used ,90 days. We set the limit for optimal adherence at $75%. Next to this, we decided to choose two lower cutoff points to distinguish between suboptimal use and underuse and an upper cutoff point as well for optimal adherence (.125%), in order to be able to identify overuse. 2, [17] [18] [19] Adherence was deemed good if it was $75-#125%, suboptimal if it was between $50-,75%, and poor if it was ,50% (underuse) or .125% (overuse). 12 Since adherence can change over time, adherence was computed for 6-month intervals. For each 6-month period, the total number of days for which patients had collected medication was divided by the total number of days between the first and last medication collection during these 6 months and multiplied by 100. 20 If a refill period went over a 6-month boundary, the prescription was taken into account in both intervals.
Morbidity and mortality
Morbidity was defined as the time to first hospitalization for a severe AECOPD and time to first CAP. An AECOPD was defined as an acute negative change from baseline, reported by the patient, in dyspnea, sputum volume, color of sputum (yellowish or greenish sputum), and/or cough, which may warrant additional treatment of prednisolon with or without antibiotics by a physician in a patient with underlying COPD. CAP was defined as an acute respiratory tract illness associated with radiographic shadowing on a chest radiograph consistent with an infection, which was neither preexisting 
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adherence to ICss and tiotropium and morbidity and mortality in COPD nor of any other known cause. 21 All X-rays were double read by a radiologist and a pulmonary physician. In case of doubtful shadows in the report, the X-ray was presented to another pulmonary physician for final judgment. Survival was based on all-cause mortality. Date of death was verified from the municipal administration. To assess the relationship between therapy adherence to ICSs, time to first severe AECOPD, time to first CAP, and time to death, Cox regression was used with time-varying coefficients. 22, 23 The same analyses were conducted for tiotropium.
For each separate multiple-variable Cox regression model, all baseline characteristics ( Tables 1 and 2 ) that were associated with both the studied adherence of the model and time to severe AECOPD, CAP, or mortality at p,0.10 were entered as potential confounders. All statistical calculations were carried out using the SPSS statistical package (version 21.0) and R package (version 3.4.1). Table 1 lists the baseline characteristics of patients using ICSs and Table 2 of those using tiotropium. A total of 635 patients used ICSs with an overall median duration use of 32.5 months (IQR 20.5-36.6 months), varying per ICS preparation between 9.3 and 31.2 months (Table 3) Of the baseline characteristics, percentage of predicted forced expiratory volume in 1 second (FEV 1 % predicted), age, and mMRC were associated (p,0.10) with therapy adherence to ICSs (Table 1) on the one hand and with time to first severe AECOPD, time to first CAP (except for mMRC), and time to death on the other hand (data not shown), and were therefore included in these models as potential confounders. Furthermore, for the models on time to first severe AECOPD and CAP, myocardial infarction was also included, while for the time to death model, tiotropium use was included as an additional confounder.
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Results
Baseline characteristics
FEV 1 % predicted and mMRC were associated (p,0.10) with therapy adherence to tiotropium (Table 2 ) on the one 
Mortality
The median duration use (until event or end of follow-up) was 36 months (IQR 24-36 months). Unadjusted analysis showed a significant increased mortality risk for patients with suboptimal use (HR 2.5 [95% CI 1.5-4.2]) or underuse (HR 5.0 [95% CI 3.2-7.6]), compared to those with optimal use. This risk increased to 2.9 (95% CI 1.7-5.1) for suboptimal use and 5.3 (95% CI 3.3-8.5) for underuse compared to optimal use after correction (Table 4) . A higher mMRC score was also associated with a higher mortality risk, HR 1.2 (95% CI 0.99-1.4). Table 5 ).
Next to this, a lower FEV 1 % predicted and a higher mMRC score at baseline were associated with a higher risk of hospital admission for a severe AECOPD with, respectively, an HR of 2.0 (95% CI 1.4-2.5) and an HR of 1.4 (95% CI 1.2-1.6). (Table 5) . A higher FEV 1 % predicted at baseline was also associated with a lower risk of CAP, HR 0.6 (95% CI 0.4-0.9).
The median duration use (until event or end of follow-up) was 36 months (IQR 24-36 months). Both suboptimal use and underuse of tiotropium were associated with a significant increased risk of mortality (Table 5) . Unadjusted analysis showed a 4.1-fold (95% CI 2.4-7.3) increased risk of dying in suboptimal users and a 5.6-fold (95% CI 3.4-9.1) increased risk for underusers compared to optimal users (Table 5) . After correction, suboptimal use showed a 3.9-fold (95% CI 2.1-7.5) and underuse a 6.4-fold (95% CI 3.8-10.8) increased mortality risk (Table 5) . Furthermore, a lower FEV 1 % predicted and a higher mMRC score at baseline were associated with a higher mortality risk with an HR of 3.3 (95% CI 2.0-5.0) and an HR of 1.2 (95% CI 0.99-1.5), respectively.
Discussion
Suboptimal use and underuse of ICSs and tiotropium were associated with a substantially increased mortality risk compared to optimal use. Suboptimal use and overuse of tiotropium were also associated with an increased risk of CAP. Next to this, nonadherence to tiotropium was associated with an increased risk of hospital admission for a severe AECOPD. An independent association between adherence to ICSs and hospital admission for a severe AECOPD or CAP could not be demonstrated.
A lower FEV 1 % predicted at baseline was associated with a higher risk of hospital admission for a severe AECOPD, CAP, and mortality, while a higher mMRC score was associated with a higher risk of severe AECOPD and a higher risk of mortality in both ICSs and tiotropium users.
The current results on decreased mortality risk in patients who were adherent to ICSs are in line with the results of TORCH study that showed a borderline significant reduced risk on mortality with the use of fluticasone propionate combined with salmeterol. 2 This risk seems even more increased in underusers (,50%), who show an almost twofold increased mortality risk than suboptimal users (50%-75%), which implies the need to make also a distinction in the type of nonadherence. Our study results were not in line with Ismaila et al 11 who showed that reduced adherence to fluticasone/salmeterol was associated with increased risks for moderate and severe COPD exacerbations. Overall optimal adherence in the COMIC cohort study was much higher (58% vs 35%), and Ismaila et al could not correct for lung function and mMRC, which can possibly explain the observed differences.
The increased risk for CAP in ICS users as shown in, for example, the TORCH study (HR 1.5 for patients with adherence .80% compared to those with nonuse of ICSs) could not be confirmed. 4, 6 A possible explanation could be that the COMIC study lacks statistical power due to the low number of CAP cases. Furthermore, the TORCH study investigated a specific dosage, namely, 500 µg fluticasone twice daily, whereas in the COMIC study, lower dosages were used. This is supported by the findings of Ernst et al 25 who suggested that there was a dose-related increase for pneumonia. Furthermore, the diagnosis of pneumonia was confirmed by X-ray in the COMIC cohort, which was not the case in the TORCH study. This could have led to misclassification of CAP in the TORCH study.
Both suboptimal use and underuse of tiotropium were associated with a significant increased mortality risk compared to optimal use. Furthermore, nonadherence to tiotropium compared to optimal use was associated with an increased morbidity risk. These effects could possibly be caused by the fact that the patient misses the protective effect of tiotropium as studied in the UPLIFT study and shown by Ismaila et al. 3, 11 The risk even seems to increase as adherence rates decrease, with higher risks in underusers than suboptimal users. A reason for taking less tiotropium could be that the patient is feeling well and does not see the need for using tiotropium. This is supported by the results that underuse is associated with a better lung function at baseline.
Whether the association between overuse of tiotropium and increased risk of severe AECOPD and CAP was caused by the medication or the underlying disease, although we corrected for lung function and mMRC, cannot be ruled out due to the observational nature of the data. Since overuse is associated with a lower lung function and a higher mMRC, it seems that overuse is related to COPD severity, which could explain the increased risk. Overuse could be due to an overall 
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adherence to ICss and tiotropium and morbidity and mortality in COPD poor health condition, which results in feeling the need to use more medication. Another reason why patients can become overusers is an incorrect inhalation technique, since this can diminish the effect of the inhaled medication. Overuse can therefore be seen as a compensatory mechanism for not experiencing any relief of the medication used. Unfortunately, there are no data available on the inhalation technique in the cohort. In addition, lack of knowledge could be a reason for overuse. When a patient does not know what to expect from, for example, an ICS and experiences no immediate benefit, he or she could inhale again because the symptoms are not yet relieved. In addition, as shown previously, adherence to inhaled medication is related to the device in which the medication is delivered. 26 For example, if a device does not provide inhalation feedback and a patient is not confident about having taken a dose, he or she can decide to inhale again to be sure. 26 Nonadherence can also be a general behavior influenced by a patient's beliefs on his or her illness in relation to treatment recommendations. In COPD, disease and medication perception have not been described in much detail, and future research with, for example, in-depth interviews could provide more insight.
An advantage of the data of the COMIC cohort is the chance to assess the effect of ICSs and tiotropium in reallife COPD outpatients and not in a selected trial population. In addition, in the cohort, a valid diagnosis of COPD, lung function data, comorbidity data, and an X-ray confirmed that pneumonia is present. The possibility to correct for lung function, comorbidities, and mMRC in the analyses is another asset of this study. Finally, the follow-up of 3 years and determining the adherence over 6-month periods thus following adherence development over time are strong points as well.
A limitation of pharmacy data is that they only give an indication of drug refill patterns but not of the actual inhalation. The data show the maximum levels of drug use among the patients, and it is likely that the inhaled drug volumes are lower than the volumes dispensed by the pharmacy. Patients can collect the medication to appear adherent and dump the medication or store it in different places for convenience without actually using the medication. [27] [28] [29] An electronic counting device with the flow meter could help to analyze and tackle this problem. However, these devices were not yet available at the start of this cohort.
Another possible limitation is the fact that this is a single-center study that may affect external validity since the adherence in this center seems somewhat better compared to other regions in the Netherland. 12 Previously published main determinants of nonadherence in this cohort were lung function and having more anxiety for dyspnea (measured with the Clinical COPD Questionnaire question 3).
14 An interesting additional outcome measure for future research would be to study the change in morbidity of patients based on longitudinal symptoms and quality of life assessments.
The described results raise questions about what should be done next. Patients who do not use their medication as prescribed might need extra attention because diverting from optimal adherence is significantly associated with morbidity and mortality. The community pharmacy can play an important role in recognizing these patients because adherence to medication starts with filling a prescription. In case of nonadherence, there should be a reflection on adherence and a starting point for further support and guidance toward optimal use of medication.
Conclusion
Poor adherence to ICSs and tiotropium was significantly associated with a substantial higher mortality risk. Nonadherence to tiotropium was also associated with an increased risk of severe AECOPD and CAP. In contrast to this, an independent association between adherence to ICSs and severe AECOPD or CAP could not be demonstrated. Future research is warranted to confirm these associations and to study whether improving adherence reduces mortality and morbidity.
